Introduction

In the cerebellar network, Golgi cells receive excitatory
Results glutamatergic inputs from granule cells and in turn suppress granule cell excitability via inhibitory GABA neuro-
Characterization of GFP-Positive Golgi Cells transmission (Ito, 1988). Golgi cells are the only element
We first examined whether Golgi cells expressing that controls the activity of granule cells, and the feedmGluR2 can be precisely identified by GFP expression in back inhibition of Golgi cells is thought to contribute to the cerebellum of transgenic mice by GFP fluorescence filtering mossy fiber inputs to granule cells (Albus, 1971;  combined with immunostaining of cerebellar sections Gabbiani et al., 1994; Ito, 1988; Marr, 1969) . GABA from with mGluR2 antibody (Neki et al., 1996) . GFP fluoresGolgi cells confers strong tonic and phasic inhibition on cence completely overlapped mGluR2 immunoreactivity granule cells (Brickley et al., 1996; Wall and Usowicz, at somata and dendrites of neurons with a morphologi-1997). Therefore, dynamic modulation of Golgi cell recal characteristic of Golgi cells ( Figure 1A ). This overlapsponses is necessary for effective input transmission to ping was also seen at glomeruli where Golgi cells send Purkinje cells. For example, facial stimulation has been axonal terminals and form synaptic contacts with granshown to evoke spike discharges and then induce longule cell dendrites around a mossy fiber ( Figure 1A ). Previlasting silencing of putative Golgi cells in anaesthetized ous studies have reported that mGluR2 is expressed in rats (Vos et al., 1999) . This silencing of Golgi cells is unipolar brush cells located mainly in the folia of the stimulus dependent and is assumed to be important for vestibulocerebellum (Diñ o et 
brush cells. The previous studies also showed that
We next addressed whether synaptically released glutamate causes mGluR-mediated inhibition of Golgi cells GABA-positive/mGluR2-negative neurons exist at the granular layer (Neki et al., 1996; Ohishi et al., 1994) .
by electrical stimulation of parallel fibers. Because each Because this investigation intended to examine mGluR2-mediated Golgi cell responses, we further characterized GFP ϩ cells by double immunostaining with GABA and mGluR2 antibodies ( Figure 1B ). This analysis showed that about 20% of GABA-positive neurons in the granular layer were both GFP negative and mGluR2 negative, but all GFP ϩ cells were mGluR2 positive/GABA positive ( Figure 1B) . The immunohistochemical characterization indicates that GFP ϩ neurons faithfully represent mGluR2-expressing Golgi cells.
mGluR2-Mediated Inhibition of Golgi Cells
GFP
ϩ Golgi cells were identified under fluorescence microscopy combined with infrared differential interference contrast (IR-DIC) (Figures 2A and 2B) . We first conducted whole-cell recording of GFP ϩ Golgi cells in cerebellar slices in current-clamp mode. These recordings showed spontaneous action potentials in most Golgi cells (Brickley et al., 1996; Dieudonné , 1998; Wall and Usowicz, 1997) ( Figure 3A) . We examined effects of group 2 mGluR-selective agonist, (2S, 1ЈR, 2ЈR, 3ЈR)-2-(2, 3-dicarboxycyclopropyl)glycine (DCG-IV) (Hayashi Golgi cell receives a large number of parallel fibers, it clamped at a holding potential of Ϫ70 mV, and ionotropic receptor-mediated EPSC was measured by a sinwas technically difficult to electrically stimulate a defined number of parallel fibers in a cerebellar slice. We gle pulse of parallel fiber stimulation (PFS). We then monitored mGluR-mediated inhibitory postsynaptic potherefore first recorded excitatory postsynaptic currents 
2002). Previous in situ hybridization
We first determined a threshold to evoke action potenshowed a high expression of the Kir 3.1, 3.2, and 3.3 tials and then measured Golgi cell responses with three subunits of the GIRK family in the granular layer different strengths of suprathreshold stimuli in current- (Karschin et al., 1996) . Immunostaining of cerebellar clamp mode. Different extents of the stimuli generated slices showed an intense Kir 3.2 immunoreactivity on corresponding spike discharges followed by a stimulusdendrites of GFP ϩ Golgi cells ( Figure 3D ), while Kir 3.1 dependent depolarization (n ϭ 11; Figure 6A ). The mechand Kir 3.3 immunoreactivities were mainly located on anism underlying a stimulus-dependent depolarization somata and only slightly distributed in Golgi cells, refollowed by spike discharges remained to be deterspectively (data not shown). The results indicate that mined, but spike discharge and its following depolarizaKir3.2 is mainly involved in mGluR2-activated K ϩ contion were blocked by addition of AMPA and NMDA reductances at dendrites of Golgi cells.
ceptor antagonists ( Figure 3C ). This finding indicates that ionotropic receptors are involved in both spike discharges and their following membrane depolarization.
Coordinate Responses of mGluR2 and AMPA Receptors
Golgi cells then showed long-lasting hyperpolarization after spike discharges, and its magnitude and duration mGluR2 immunoreactivity is diffusely distributed in dendrites of Golgi cells (Lujá n et al., 1997). To examine depended on the strength of PFS (n ϭ 11; Figure 6A ). This long-lasting hyperpolarization was abolished by how diffusely located mGluR2 reacts with synaptically released glutamate, we first quantified mGluR2-medi-LY341495 (n ϭ 11; Figure 6A ). The results indicate that Golgi cells, once depolarized with a suprathreshold ated IPSCs at a holding potential of Ϫ70 mV by increasing the number of pulses of PFS. A single pulse of PFS stimulus, discharge spike firing and in turn undergo mGluR2-mediated, stimulus-dependent suppression. was sufficient to induce IPSCs, and amplitudes of IPSCs increased by increasing stimulus to the saturating level On the basis of these findings, we investigated how postsynaptic mGluR2 is involved in modulation of the of 15 pulses at 100 Hz (n ϭ 5; Figure 5A ). Recordings of different Golgi cells, however, did not show a parallel Golgi cell excitability. When a strong stimulus was applied, Golgi cells showed spike discharges correspondincrease in mGluR2-mediated IPSCs in relation to increasing strengths of PFS (as measured with ionotropic ing to each stimulus, and this excitation was followed by a long-lasting silent phase (n ϭ 11; Figure 6B ). This receptor-mediated EPSCs) ( Figure 3F ). Because this deviation seemed to result from large intercellular variasilent phase was abolished by LY341495 (n ϭ 11; Figure  6B ), suggesting that the silent phase is induced by tions of individual Golgi cells, we plotted peak amplitudes of mGluR2-mediated IPSCs against those of mGluR2-mediated suppression. In contrast, when a stimulus just above a threshold was delivered, a firing mGluR2-mediated IPSPs, both recorded at the corresponding Golgi cells (n ϭ 30; Figure 5B ). This analysis rate following stimulus-evoked spike discharges remained unchanged regardless of the presence or abshowed a nearly linear relationship between the two parameters of mGluR2 responses, suggesting that the sence of LY341495 (n ϭ 11; Figure 6B ). To substantiate the role of mGluR2 in Golgi cell silencing, we monitored mGluR2 activation is quantitatively reflected in hyperpolarization of Golgi cells. responses of mGluR2 Ϫ/Ϫ Golgi cells ( Figure 6B ). The firing rate of Golgi cells remained unchanged after spike We then examined a relationship between the mGluR2-mediated and AMPA receptor-mediated redischarges in mGluR2 Ϫ/Ϫ Golgi cells with both weak and strong stimuli (n ϭ 10; Figure 6B) . Furthermore, addition sponses of Golgi cells by simultaneously measuring mGluR2-mediated IPSCs and AMPA receptor-mediated of LY341495 had no effect on firing rates of mGluR2
Golgi cells in both weak and strong stimulations (n ϭ EPSCs elicited by two different stimulus strengths of PFS. As the stimulus strength of PFS (5 pulses at 50 Hz) 10; Figure 6B ). The above recordings were carried out by delivering was increased, both EPSCs and IPSCs were increased, and IPSCs were selectively inhibited by LY341495 stimuli with five pulses at 100 Hz. Golgi cell responses were also monitored by delivering stimuli with three (EPSCs 96.4% Ϯ 5.3% and IPSCs 0% by the addition of LY341495, n ϭ 3) ( Figure 5C ). When AMPA receptorpulses at 25 Hz. The firing patterns of Golgi cells in both stimuli with five pulses at 100 Hz and three pulses at mediated EPSCs at low and high stimulus strengths were normalized, current profiles of mGluR2-mediated 25 Hz were summarized in peristimulus time histogram (PSTH) plots ( Figure 6C ). In both cases, a strong stimulus IPSCs at the two stimulus strengths were overlapping (n ϭ 6; Figure 5D ). This one-one relationship between generated a silent phase in mGluR2 ϩ/ϩ Golgi cells, and this silencing was blocked by LY341495 ( Figure 6C) . the two receptor responses was further confirmed by plotting relative values of mGluR2-mediated IPSCs Furthermore, the silent phase was not seen by a weak 
